With the widespread application of carbon nanotubes (CNTs) in diverse commercial processes, scientists are now concerned about the potential health risk of occupational exposures. In this study, CNTs induced pulmonary toxicity was investigated by exposing Balb/c mice to aerosolized SWCNT, MWCNT (5µg/g of mice) for 7 consecutive days in nose-only exposure system. The microscopic studies showed that inhaled CNTs were homogeneously distributed in the mouse lung. The total number of bronchoalveolar lavage (BAL) polymorphonuclear leukocytes recovered from the SWCNT and MWCNT exposed mice (1.2×10 6 ±0.52 and 9.87×10 5 ±1.45; respectively) was significantly greater than control mice (5.46×10 5 ±0.78). Rapid development of pulmonary fibrosis in CNTs inhaled mice was also confirmed by significant increases in the collagen level. The lactate dehydrogenase (LDH) levels were increased nearly by 2 and 2.4 folds in SWCNT and MWCNT inhaled mice respectively, as compared to control mice. In addition, exposure of CNTs to mice showed a significant (p<0.05) reduction of antioxidants; glutathione, superoxide dismutase, catalase activity and induction of oxidants; myloperoxidase, oxidative stress lipid peroxidation product compared to control. Apoptotic related proteins such as caspase-3 and -8 activities were also significantly increased in CNTs inhaled mice than control. Together, the present study shows that inhaled CNTs induce an inflammation, fibrosis, alteration of oxidant and antioxidant levels and induction of apoptotic related proteins in the lung tissues to trigger the cell death.
With the widespread application of carbon nanotubes (CNTs) in diverse commercial processes, scientists are now concerned about the potential health risk of occupational exposures. In this study, CNTs induced pulmonary toxicity was investigated by exposing Balb/c mice to aerosolized SWCNT, MWCNT (5µg/g of mice) for 7 consecutive days in nose-only exposure system. The microscopic studies showed that inhaled CNTs were homogeneously distributed in the mouse lung. The total number of bronchoalveolar lavage (BAL) polymorphonuclear leukocytes recovered from the SWCNT and MWCNT exposed mice (1.2×10 6 ±0.52 and 9.87×10 5 ±1.45; respectively) was significantly greater than control mice (5.46×10 5 ±0.78). Rapid development of pulmonary fibrosis in CNTs inhaled mice was also confirmed by significant increases in the collagen level. The lactate dehydrogenase (LDH) levels were increased nearly by 2 and 2.4 folds in SWCNT and MWCNT inhaled mice respectively, as compared to control mice. In addition, exposure of CNTs to mice showed a significant (p<0.05) reduction of antioxidants; glutathione, superoxide dismutase, catalase activity and induction of oxidants; myloperoxidase, oxidative stress lipid peroxidation product compared to control. Apoptotic related proteins such as caspase-3 and -8 activities were also significantly increased in CNTs inhaled mice than control. Together, the present study shows that inhaled CNTs induce an inflammation, fibrosis, alteration of oxidant and antioxidant levels and induction of apoptotic related proteins in the lung tissues to trigger the cell death.
Carbon nanotubes (CNTs) are regarded as a novel material, due to their unique physiochemical properties, and find its application in various fields (1) . The fibrous shape, extreme aspect ratio, low specific density and low solubility, CNTs might exhibit toxicity similar to that of asbestos (2) . Although CNTs come in a variety of types, single wall carbon nanotubes (SWCNT) and multi wall carbon nanotubes (MWCNT) are currently the predominant forms being studied. Due to their increasing use in commercial applications, the potential health effects of CNTs following inhalation are of great interest particularly the pulmonary exposure in the workplace.
Three major factors such as the shape of the particle, the surface reactivity and its clearance from the respiratory tract determine the biocompatibility of the inhaled particles (3) . From such criteria, CNTs appeared as potentially highly harmful particles. The effects of nanoparticle exposure seen in in-vitro studies indicate a role of oxidative stress in the production of inflammatory cytokines and cytotoxic responses (4, 5) . Other consequences of oxidative injury include effects on nuclear factor activation, gene transcription and protein expression (6, 7) .
Virtually, all the in-vivo studies have utilized non physiological routes of pulmonary exposure like intratracheal instillation or nasopharyngeal aspiration in rodents, which results in lung injury (8) . The first study with SWCNT reported no significant signs of lung toxicity 4 weeks after intratracheal administration in guinea pigs (9) . On the other hand, the acute lung toxicity of intratracheally instilled SWCNT has been evaluated in rats and reported that exposure to SWCNT produced transient inflammation and a non-dose-dependent formation of multifocal granulomas (10) . The toxicological significance of these granulomas was questioned because their formation was possibly due to the instillation of a bolus of agglomerated SWCNT. Published report on mice model showed that exposure of SWCNT by pharyngeal aspiration caused transient, dose dependent inflammation. After exposure, both compact aggregates and dispersed structures were observed in the lung (11) .
Concerning MWCNT, Muller et al. investigated the effects of intact or milled MWCNT by intratracheal instillation to female Sprague-Dawley rats and observed a dosedependent, persistent inflammation and granuloma formation (12) . These studies show that CNT, which aggregate into micron-sized bundles in aqueous media, stimulate the formation of inflammatory foci known as granulomas and fibrotic reactions within the lung parenchyma. The existing information on pulmonary toxicity of CNT is very limited, and existing results are not consistent too. Therefore, an increased emphasis has been placed on determining the most relevant method to study the biocompatibility of CNTs than injection because materials completely bypass the lung and its defense and clearance mechanisms entirely. These features led us to develop an inhalation protocol to investigate the pulmonary toxicity of an occupationally relevant single and multiwall carbon nanotubes exposure using male BALB/c mice. In order to check the pulmonary toxicity, the cytotoxic potential was estimated by determining LDH and total protein contents in bronchoalveolar lavage fluid (BALF). The basic molecular mechanism exhibited by CNTs was elucidated by examining the antioxidant levels and apoptotic signaling pathway that involves caspase-8, as well as caspase-3.
Experimental Procedures
Animals and Experimental design -Male BALB/c mice (Hilltop Lab Animals, Inc., Pennsylvania), 2-3 weeks of age and weighing 20±2g were kept under conventional housing conditions (24-26°C, with 55-75% humidity, and a 12-h light/dark cycle). Mice were maintained on special dietary food (Hilltop Lab Animals, Inc., Pennsylvania) and given tap water ad libitum. The acclimatization period was 7 days before use. At the end of the acclimatization period, mice were randomized by weight and divided into three experimental groups [control, SWCNT and MWCNT, (6 mice per group)]. Mice were exposed to aerosolized CNTs for 20 min/day (5µg/g of mice) or Phosphate buffered saline (PBS,vehicle) for 7 consecutive days in nose-only exposure system (In Expose, Scireq, Canada), and returned to the vivarium. After 7 days of exposure, the animals were sacrificed; lung tissues were collected and stored at −80 °C until analyzed.
Animal exposure-For aerosol, the mixture was prepared by suspending the autoclaved CNTs (SWCNT and MWCNT) in sterile biocompatible nonionic surfactant, 1% Tween-20 (Biorad, Hercules, CA) by sonication for 5 min using 50% amplitude and oscillating cycles and pause of 30 seconds each (Qsonica, LLC, CT, USA) to form a CNT suspension (0.5mg/ml). The control vehicle group receive sterile PBS (pH 7.4) (Atlanta Biologicals, Inc Atlanta, GA) containing sterile, 1 wt% Tween 20. The other experimental groups receive SWCNT and MWCNT suspended in sterile PBS containing 1% Tween 20 respectively. Nebulizer (Aeroneb Scireq, Montreal, Canada) was used to aerosolize the nanotubes at a constant rate of 0.005 ml/min and diluted with compressed room air using an external pump at a flow rate of 3 L /min. The nebulizer was connected to the top part of the central tower from which the generated aerosol flowed down to the peripherally arranged mice (6 mice). Each mouse was held in a soft restrainer such that only the nose was exposed to the aerosol cloud (Fig.1) .
Lung histopathology-Lungs from control and exposed mice group were fixed with 10% neutral buffered formalin and processed using routine histological techniques. Briefly, after paraffin embedding, 5µm sections were cut and stained with hematoxylin and eosin (H&E) for histopathologic evaluation.
Electron microscopy-Lungs were collected from control and exposed group mice and fixed in McDowell's and Trump's 4F:1G fixative with negative pressure. Then the lung tissues were post-fixed in 0.1 M sodium phosphate buffer (pH 7.2), containing 1% osmium tetroxide, dehydrated through graded ethanol solutions, cleared in acetone, and infiltrated and embedded in Spurr's resin. Unstained thin sections were mounted on copper grids and then examined on a Philips EM208S transmission electron microscope (TEM).
Bronchoalveolar lavage-The right lung lobes were serially lavaged three times with 2.0 ml of sterile cold PBS, after ligating of the left bronchus. Bronchoalveolar lavage fluid (BALF) collected from each individual mouse were washed in PBS by alternate centrifugation (800 g, 10 min, 4°C) and the pellets were resuspended in PBS containing 2% FBS. Cytospinning was performed with 500 µl BAL fluid harvested at the selected time intervals. After cytospinning, slides were fixed in methanol and stained modified Wright-Giemsa stain and cell differentials were determined by light microscope. Total cell numbers and different cell types in the BAL fluid were quantified by their characteristic morphologies (13) .
BAL fluid Lactate dehydrogenase assay and total measurements-The left lobes were lavaged once with 2 ml of PBS. The obtained BALF was centrifuged (800 g, 10 min) at about 4°C. Using an aliquot of the lavage supernantant, the activity of lactate dehydrogenase (LDH) was assayed spectrophotometrically by monitoring the reduction of nicotinamide adenine dinucleotide at 340 nm in the presence of lactate. This was performed using Lactate Dehydrogenase Reagent Set (LD Liquid Reagent; Pointe Scientific, Canton, MI) and total protein in the BAL fluid was estimated by a modified Bradford assay according to the manufacturer's instructions (Coomassie plus Protein Assay Reagent; Pierce, Rockford, IL) and the remainder was frozen at -80°C until processed.
Collagen assay-Fibrosis was assessed by quantifying total soluble collagen using the Sircol Collagen Assay kit (Biocolor Ltd., Carrickfergus, UK). Briefly, lungs were wet weighed and homogenized in 0.7 ml of 0.5M acetic acid containing pepsin with 1:10 ratio of pepsin-tissue to wet weight. Each sample was stirred vigorously for 24 h at 4˚C, centrifuged, and 200µl of supernatant was assayed for soluble collagen according to the manufacturer's instructions. Absorbance at 540 nm was read on a FLUOstar mega (BMG Labtech). Data were expressed as mg of soluble collagen per mg of total proteins.
Preparations of lung homogenate-At the end of the 7-days CNTs exposure, whole lung tissues were excised under anesthesia. The lung tissues were washed thoroughly in ice-cold PBS and weighed. A 10% homogenate of each tissue was prepared separately in 10mM Tris buffer (pH 7.4) containing protease inhibitor cocktail, using a motor driven Teflon-pestle homogenizer (Sigma), followed by sonication (Branson sonifer, Fisher), and centrifugation at 500 g for 10 min at 4˚C. The supernatant was aspirated and centrifuged again at 2000 g for 60 min at 4˚C. The supernatant obtained after centrifugation was called 'tissue lysate' used for the assays.
Oxidative stress assay-The intracellular reactive oxygen species (ROS) were measured as described earlier (14) . ROS production was quantified by the 2,7-dichlorodihydrofluorescein (H 2 DCF), method. DCFH-DA reacts with ROS to form highly fluorescent compound dichlorofluorescein (DCF). Briefly, fifty microgram of protein from each tissue lysate was mixed with 10µl of DCF-DA (10µM). Fluorescence of the samples was monitored at an excitation wavelength of 485 nm and an emission wavelength of 538 nm using fluorescence plate reader (FLUOstar mega (BMG Labtech).
Lipid peroxidation assay-The extent of lipid peroxidation (LPO) in control and CNT exposed mice lungs were determined by measuring malondialdehyde (MDA) which is thiobarbituric acid reactive substance (TBARS). MDA levels were determined according to the procedure of described earlier (15) . Briefly, 50µg of proteins were extracted from each tissue lysate using chloroform followed by mixing with chloroformmethanol and freshly prepared chromogen was added and absorbance was measured at 500 nm.
Myeloperoxidase assays-To determine whether inhalation of CNTs cause the release of myeloperoxidase (MPO) into lavage fluids, the assay was performed as described earlier (16) . 100µl of fresh bronchoalveolar lavage supernatant containing 15µg of protein was mixed with 100µl of fresh 3,3`-5,5
1 -tetramethylbenzidine reagent prepared from a stock solution of 300 mmol/l sodium acetate buffer (pH 5.4), 15mmol/l tetramethylbenzidine prepared in dimethylformamide, and 60 mmol/l H 2 O 2 . The oxidation of tetramethylbenzidine by myeloperoxidase was measured at 630 nm over a 20-minute period, with readings at every 5 minutes.
Total SOD assay-The activity of superoxide dismutase (SOD) was measured as described earlier (17) . Briefly, 50µg protein of tissue lysates were incubated with xanthine oxidase enzyme and tetrazolium salt for 20 min at 37˚C. Finally, XOD solution was added to each sample and the absorbance of the formazan salt resulting from the oxidation of tetrazolium salt was detected at 550 nm. The activity of SOD, expressed as % inhibition of the formation of formazan, was then calculated by using an equation provided by the manufacturer's instruction.
Catalase assay-The activity of catalase enzyme was measured as previously described (18) . An appropriate volume of tissue lysate containing 50µg protein from each sample was mixed with 1ml of 50mM potassium phosphate buffer (pH 7.0) containing 10mM H 2 O 2 in 1ml quartz cuvette. The decrease in absorbance of H 2 O 2 was followed at 240nm for 5 min. Catalase activity was calculated from the slope of the H 2 O 2 absorbance curve and normalized to protein concentration.
Glutathione assay-The activity of glutathione (GSH) was directly measured as described earlier (5) . Briefly, 50µg protein of tissue lysate from each sample was diluted to 1:2 ratios with 5% 5-sulfosalicylic acid dihydrate solution and sodium carbonate (400mM) followed by 1:8 dilutions with phosphate-EDTA buffer and incubated for 10 minutes at room temperature. Ten micro liter of 5-5'-Dithiobis-2-nitrobenzoic acid (DTNB) substrate solution was added to each sample tube and incubated again at room temperature for 10 min. The GSH activity was measured at 415 nm absorbance.
Caspases Assay-Caspase-3 and caspase-8 activities were measured in the control and CNT exposed lung homogenate, as previously described (17) . Cleavage activities of caspase-3 and 8 substrates DEVD-AFC and IETD-AFC were measured. Briefly, 50 µg of protein extracts from each tissue lysate were mixed with DEVD-AFC and IETD-AFC substrates and incubated for 1h at 37 º C for detecting caspase-3 and caspase-8, respectively. The formation of free AFC in the extract was measured at an excitation wavelength of 400 nm and an emission wavelength of 495 nm. The values of experimental samples were compared with control and expressed as fluorescence units.
Western Blotting-Samples containing 100 µg of cellular protein were subjected to standard western blot analysis (6, 7) . Briefly, proteins were separated using 10% SDS-PAGE gel and transferred to a polyvinylidene diflouride membrane. Immunoblotting was performed by blocking overnight with 5% nonfat milk in PBS-0.1% Tween, probed with appropriate primary antibody followed by secondary antibody conjugated with horse radish peroxidase and developed using chemiluminescence reagent (GE Healthcare, Buckinghamshire, UK).
Statistical analysis-
The results obtained from the CNTs exposed groups was compared to control group. The values were calculated using student's t-test, and levels of significance were represented for each result.
RESULTS

Carbon nanoparticles characterization-
The physio-chemical properties of SWCNT and MWCNT used in this study were showed in Table  1 . Scanning electron micrographs determined that the nanotubes which we used here were SWCNT and MWCNT, and not some other form of carbon nanoparticle or amorphous carbon (Fig. 2A&B) . Field Emission Scanning Electron Microscope (FE-SEM) micrographs confirm that the autoclaved CNTs were well dispersed in sterile PBS + 1% Tween20 solution (Fig.2C&D) . Thus, any toxicological outcomes determined in this study can be attributed to exposure to SWCNT and MWCNT.
Estimation of CNT aerosol exposed to miceIn order to identify the exact amount of CNTs exposed to the balb/c mice, a gravimetric sampling method was employed as described (19) . The weight of the nanotubes collected was determined by weight the substrate (glass fiber filters; 0.7µ m pore size; Millipore, MA) both before and after sampling. All filters were dried at 30ºC and weighed. Filters exposed to control vehicle group under the same experimental conditions were used as blanks. The average weight of SWCNT and MWCNT in the aerosol (± SD) was 93±2µg/ml, and this value did not vary significantly during exposures. Thus, every balb/c mice was exposed to CNTs approximately equivalent to 5µg/g of mice; consistent with the CNTs concentration reported earlier which showed an induction of oxidative stress and cytotoxicity under in-vitro conditions. (5, 14) .
Histopathology of CNT exposed lung tissue-
No overt signs of stress and weight loss or gain were observed in both experimental and control groups during the study period. The histology of lung exposed to PBS+1% Tween 20 was shown in Fig. 3A . The bright field microscope of lung sections showed that inhaled SWCNT and MWCNT were homogeneously distributed (Fig.  3B&C) . In particular, the distribution of SWCNT and MWCNT in lung tissues showed some agglomerates on the surfaces of alveolar ducts, indicating delivery of the aerosol to the distal airways ( Fig.3B & C) . Increased accumulation of polymorphonuclear leukocytes (PMNs) was observed in the lungs section of exposed group as compared to control group. (Fig.3D) . Presence of both SWCNT and MWCNT were observed in alveolar macrophages after 7 successive days of inhalation (Fig.3E&F) . However, TEM identified small aggregates and individual CNT within alveolar macrophages (Fig. 4C&E) . Some of the macrophages contain large masses of CNT fibers or agglomerates in the vacuolated areas ( Fig  4D&F) . The TEM of lung exposed to control vehicle group was shown in Fig 4A&B. Carbon nanotubes induce pulmonary fibrosisNext, we examined whether these inhaled nanotubes could induce lung fibrosis. Figure 5A shows that both SWCNT and MWCNT were able to increase lung collagen content as compared to control. This is also confirmed by western blot (Fig. 5B) .
Carbon nanotubes induce pulmonary inflammation-Pulmonary inflammation was evaluated by determining the number of increasing BAL PMNs in the mice treated with SWCNT, MWCNT, and control group. The inhalation of both CNTs significantly increased the total number of cells in BAL fluid. The total number of cells recovered from the BALF of SWCNT and MWCNT exposed mice (1.2×10 6 ±0.52 and 9.87×10 5 ±1.45; respectively) was significantly greater than control mice (5.46×10 5 ±0.78) (Fig. 6A) . With the increase in total cell numbers, the percentage composition of neutrophils eosinophils and macrophages were significantly higher in both SWCNT and MWCNT inhaled mice as compared to control (Fig.6A) . Wright-Giemsa staining of CNTs exposed lung show the presence of numerous PMNs and macrophage (Fig. 6B&C) .
Carbon nanotubes induce cytotoxicity-BAL fluid LDH activity, a marker of cell toxicity, was significantly increased after CNTs inhalation as compared to control. The LDH levels were increased nearly by 2 and 2.4 times in SWCNT and MWCNT inhaled mice respectively, as compared to control mice (Fig. 7A) . The protein concentration in BAL fluid, which reflects alveolo-capillar permeability and/or alveolitis, was also increased after inhalation of CNTs (Fig.  7B) . Together, we conclude that CNTs induce an inflammatory response in mice lungs.
Carbon nanotubes activate oxidative stress-
To check whether inhaled CNTs induce an oxidative stress in the lung, we first measured MPO, ROS and LPO levels in the BALF/lung homogenates from exposed mice and controls (Fig.  8A-C) . MPO activity was higher in the BALF fluid prepared from both CNTs exposed groups (SWCNT nearly 7 fold and MWCNT 5 fold) than the control group (Fig. 8 A) . As shown in Fig. 8B , both SWCNT and MWCNT activated ROS significantly as compared to control. ROS levels were higher with an approximately 4 fold in SWCNT, 3.5 fold in MWCNT inhaled group than control group (Fig.8B) . Because increased concentrations of reactive oxygen mediate their effects, in part via LPO, so we measured the levels of LPO in lung homogenates. We observed 3.6 and 2.8 fold increase in the level of LPO in SWCNT and MWCNT exposed mice respectively, as compared to control (Fig.8C) , which directly correlates with increased ROS and MPO levels observed in exposed mice.
Carbon nanotubes decrease antioxidant level-
Antioxidants such as SOD and GSH have been reported in cells, involved in protective mechanism during oxidative stress and apoptotic cell death. Since, we observed the alteration in the level of ROS; we examined the antioxidant levels in lung homogenates (Fig. 9) . A significant decrease in the activity of total SOD was observed in lung homogenates from mice exposed to CNTs as compared to control. Nearly, a 40% and 30% of reduction of SOD activity was detected in SWCNT and MWCNT exposed mice respectively than control group (Fig. 9B) . Next, we examined the level of catalase in CNT exposed group. We observed 50-60% decrease in the catalase level in both CNTs exposed mice as compared to control (Fig. 9C ). This data solidify the possible role of the carbon nanotubes in the generation of H 2 O 2 in lungs of exposed mice. GSH, the cell`s master antioxidant system, essential for regulation of cellular events. To study the ability of these nanotubes to deplete GSH, we evaluated the GSH activity in lung homogenates. Our investigation showed decrease in GSH activity by 50% and 30% with SWCNT and MWCNT exposed mice respectively as compared to control group (Fig.9A) . So, both CNTs were able to alter the invivo glutathione level suggesting the ability of those particles to reduce antioxidant level in lungs of exposed mice. The decrease in the level of SOD, catalase and GSH were also confirmed using immunoblot (Fig. 9D) .
Carbon nanotubes induce caspases mediated apoptosis pathway-Earlier, we have reported in in-vitro system that MWCNT induce cell death through activation of caspase-3 and 8 (5). Here, we followed the same strategy to verify whether caspase levels are affected by CNTs inhalation in in-vivo condition. Analysis of caspase 3, markers of apoptosis was checked by caspase-3 activity assay, and showed significantly increased levels of caspase-3 in the homogenate of the both CNTs inhaled mice (Fig.10A) . Caspase-8 activation is dependent on the release of cytochrome c from mitochondria to form the apoptosome which in turn activates caspase-3. Therefore, we also examined the activities of caspase-8, in the same lung homogenates. The assay showed increased level of caspase 8 in CNTs exposed mice as compared to the controls suggesting the involvement of both form of CNTs in inducing the apoptotic pathway in balb/c mice (Fig. 10B) . Fig 10C shows the western-blot analysis for caspase3 and 8 proteins.
DISCUSSION
The lungs are the most likely route of exposure to air borne CNTs in addition to the skin. With their morphology similar to asbestos fibers, the assessment of the respiratory toxicity has become a center of attention for many scientists. In vivo studies dealing with CNT pulmonary toxicity are currently being conducted to determine the best protocol to be used to study the effect of exposed CNTs. Basically, the airborne particles will interact with its environment through the mechanisms of impaction, sedimentation and diffusion prior to inhalation, whereas instilled particles in aqueous suspension are not (21) . The intratracheal instillation or aspiration of SWCNT in rodents causes lung injury (10) (11) (12) 20) . Moreover, inhaled CNTs are more dispersed and less agglomerated when compared to an instilled bolus dose in aqueous liquid (22) . Furthermore, inhalation is much more appropriate than injection of materials into the body cavity, which bypasses the lung and its defense and clearance mechanisms entirely (23) . So, to determine the invivo toxicity of CNTs, the inhalation method will be the most relevant and precise. Therefore, the primary objective in this paper is to investigate and compare the pulmonary toxicity of an occupationally relevant single and multiwall carbon nanotubes exposure using male BALB/c mice.
We recently reported that the multiwall carbon nanotubes (MWCNT) generate ROS and deplete antioxidants levels in exposed rat lung epithelial cells. The exposed cells also showed the activation of NFκ-B and AP-1 signaling pathways to induce apoptotic cell death. In addition, MWCNT activated several death related proteins including apoptosis inducing factor, p53, p21 and bax in in-vitro condition. Therefore, we were interested in checking whether the same effect happens in in-vivo condition particularly the exposed lung tissues. It is important to note that the exposure of CNTs to the cells or animals might vary. Nevertheless, our in-vitro and in-vivo data suggest that CNTs have the cytotoxic effects by altering oxidants and anti oxidants levels.
To accomplish this, we made the balb/c mice to inhale the aerosol of both types of CNTs in concentration of approximately 100µg/mice per day for 7 consecutive days in nose-only exposure system. Recently, a laboratory-based study on air samples during SWCNT mechanical agitation showed a concentration of SWCNT between 0.70µg/m 3 and 53µg/m 3 ; however, more revealing was the concentration present on individual gloves of laboratory workers which ranged from 217µg to 6020µg (2) . In order to evaluate the relevance of the findings of this in vivo mouse study to human CNTs exposures, we need to determine if the doses tested in mice are relevant to human occupational exposures. Assuming a mouse alveolar epithelium surface area of 0.05m 2 (24), the ~0.6mg CNT dose would result in ~12mg CNT/m 2 alveolar epithelium. A recent study reported 10µg MWCNT exposure in mouse approximates human deposition for a person performing light work for one month in a work environment with MWCNT aerosol of 400µg/m 3 (25) . Even if the average daily CNT aerosol is determined to be much lower, e.g., 400µg/m 3 , the 0.6mg CNT will deposit in human will occur approximately in 5 years. Thus, these estimates suggest that the CNTs doses tested in mice in this study approximate reasonable human occupational exposure to SWCNT and MWCNT.
Previous studies have reported that PMNs accumulated in the lungs after inhalation of nanoparticles produce mediators such as cytokines and oxidants, respectively, responsible for the fibrotic response (12) . Thus, we determined the amplitude and the characteristics of the inflammatory response after CNTs inhalation. As shown in Fig.6A , significant increases in the total cell numbers in BAL fluid were observed in all treated mice. Also, CNT induced inflammation was demonstrated by increased levels of LDH and proteins as well as a marked neutrophilic and macrophage accumulation (Fig.7A&B) . Thus, it appeared that alveolar macrophages were activated by CNTs and that they attracted immune cells such as neutrophils, and monocytes from the blood stream (Fig.6B&C) . The apparently higher degree of inflammation induced by SWCNT compared to MWCNT is possibly the reflection of the better dispersion of these particles in the deep lung, causing greater alveolar cell toxicity and increased alveolo-capillar permeability.
Pulmonary fibrosis occurs as a result of increased tissue reactivity leading to the formation and accumulation of fibrous connective tissue. Recently, some researchers have also observed the presence of MWCNTs in the subpleural region in lungs of mice giving rise to fibrosis and scarring (22) . In agreement with other reports, here we have observed a significant increased level of collagen in CNTs exposed lung homogenates as compared to control mice (Fig.5 ).
Oxidative stress is thought to play an important role in the pathogenesis of various types of lung inflammation, including allergic asthma (26) . Our previous publications on in vitro studies showed that CNTs toxicity is directly related with an increase in ROS production, capable of modifying the activity of proteins at the posttranslational level and regulating gene expression via important transcriptional factors which confers an additional inflammatory cascade. (6, 7) . It had been reported that intratracheally administrated SWCNTs, exacerbated allergen related airway inflammation and increase many pro-inflammatory cytokines and potentiated the formation of oxidative stress (27) . Since we observed an increased level of LDH and protein in the BALF of CNT exposed mice lungs, Next, we were interested in checking whether CNT exposure induces oxidative stress or not. Similar to earlier findings, here we show a significant increase in the level of MPO and ROS in the BALF/lung homogenates from both CNTs exposed mice compared to control (Fig.8A&B) . In addition, an important biomarker of oxidative stress, induced by reactive free radicals, lipid peroxidation also induced in CNT exposed lungs as compared to control (Fig.8C) .
To maintain the cell integrity, a balance should be maintained between the free radicals production and anti-oxidant defense system. Results of the present study have shown the significant decreased levels of glutathione, catalase and SOD activity in exposed mice (Fig.  9A-C) which supports the earlier findings of Oberdorster (28) . Comparatively, SWCNT produced a marked depletion of anti-oxidant levels than MWCNT, which may be due to the size dependent induction of oxidative stress by nanoparticles, which supports the earlier results (29) .
Caspases are a family of cysteine proteases that play essential roles in apoptosis (30) . Here we have shown the increased level of caspase-3 and caspase-8 activities, which confirms that inhaled CNTs induce apoptotic pathway in lung tissue (Fig 10 A&B) . Earlier, we have published similar in vitro observation, in cells exposed to CNTs and proton irradiation (5, 17) .
In conclusion, the present study shows that inhaled SWCNT and MWCNT induce an inflammatory reaction in lungs activating alveolar macrophages, resulting in the attraction of immune cells to the BAL fluid which results in rapid development of pulmonary fibrosis. Also, we have shown that both inhaled CNTs, elevate the oxidative stress and induce lipid peroxidation which collapsed the antioxidant defense mechanism, and activates the initiator and effectors caspases, which may lead to apoptosis in mice following inhalation of carbon nanotubes. This work suggests that careful handling of carbon nanotubes is necessary in order to minimize the inhalation of nanotubes, until further long-term assessments are conducted. Currently, we are investigating the detailed in-vivo molecular events to assess the degree of damage caused during CNTs inhalation. Fig.1 . The schematic layout of the nose-only exposure experimental setup for CNTs exposure in mice (inExpose, Scireq, Canada). The inExpose is fully computer controlled using the software, flexiWare. Table. 1. The physio-chemical properties of Single wall and Multi wall carbon nanotubes used in this study. Values are mean SD of three independent experiments. *P value <0.05 was estimated by student's t test. B. 50 µg of proteins were resolved on SDS-PAGE and assayed for collagen I using specific antibody. The blots were stripped off and reprobed with β-actin antibody for loading control. Mice were exposed to aerosolized CNTs (5µg/g of mouse), and PBS + 1% Tween 20 (vehicle). BAL fluid was obtained after 7 successive days of exposure. A.LDH level was assayed spectrophotometrically by monitoring the reduction of nicotinamide adenine dinucleotide at 340 nm in the presence of lactate as substrate. B. Total protein in the BAL fluid was performed by a modified Bradford assay according to the manufacturer's instructions. Values are mean SD of three experiments performed independently. *P value <0.05 was estimated by student's t test. Fig.8 . Inhalation of carbon nanotubes activates MPO, ROS and LPO in the BALF/lung homogenates. BAL fluid was collected from both CNTs inhaled and control mice lungs. A. Levels of MPO in the BAL fluids were performed as described earlier. The oxidation of tetramethylbenzidine by myeloperoxidase was measured at 630 nm. After BAL, the lung homogenates were prepared from CNTs exposed and control mouse lungs. B. 50μg of total proteins were from each tissue lysate was mixed with Fig.9 . Carbon nanotubes inhalation decreases the level of antioxidants in mice. Proteins were extracted from CNTs, and PBS + 1% Tween 20 (vehicle) inhaled mice A. 50μg of lung homogenates prepared from CNTs exposed and control mouse lungs were used to assay glutathione activity at 415 nm as described in methods. B. 50μg of proteins was used to assay superoxide dismutase activity using SOD reaction buffer, xanthine, and NBT solution according to manufacturer's instruction. C. 50µg protein from each sample was mixed with 1ml of 50mM potassium phosphate buffer and catalase activity was measured at 240nm as described in methods for 5 min. Values are mean SD of three experiments performed independently. *P value <0.05 was estimated by student's t test. D. 50µg of proteins was resolved on 10% SDS-PAGE and Superoxide dismutase (SOD 1), Glutathione reductase (GR) and catalase was detected using specific antibodies. The blots were stripped off and reprobed with β-actin antibody to ensure equal protein loading. Fig.10 . Induction of caspase-3 and caspase-8 activities in carbon nanotubes exposed mice. 50μg of protein were extracted from CNTs inhaled and control mouse lungs. A&B. The extracted proteins were mixed with DEVD-AFC and IETD-AFC for caspase-3 and caspase-8 activity, respectively and the formation of free AFC in the mix was measured at an excitation wavelength of 400nm and an emission of 495nm. The experimental values were compared with control and expressed as fluorescence units. Values are mean SD of three independent experiments. *P value <0.05 was estimated by student's t test. C.Western blot showing caspase 3 and caspase 8 proteins in CNTs inhaled (5µg/g of mouse) and control mouse lungs. The blots were stripped off and reprobed with β-actin antibody to ensure equal protein loading. by guest on January 29, 2018 
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